Abstract: Photovoltaic (PV) energy and energy efficiency have an increasing role in global energy usage. This paper is a study of building photovoltaic systems (PVS) to modernize existing or developed street lighting systems in Hungarian villages of 900-1200 inhabitants. The objective of this study is to show the economic questions related to the investments in photovoltaic systems and light emitting diode (LED) street lighting developments under Hungarian regulations. With the help of this study, it may be possible to support local governments to use combined photovoltaic energy for street lighting developments. This article presents the Hungarian regulations regarding photovoltaic systems and shows why local governments are not able to connect their street lighting systems to photovoltaic systems. Three different investment alternatives for local governments are studied with the help of economic indicators. Our conclusion is that investments in photovoltaic street lighting systems can be profitable if a street lighting system already exists and requires no modernization. Under the current regulations of Hungary, the examined projects can be viable only to offset the energy costs of street lighting by the delivery price of electricity from the PVS.
Introduction

Change in Spread of Photovoltaic (PV) Technology
Energy consumption has had an essential role in humanity since the last century, and the constantly growing energy demand of the world is one of mankind's biggest issues. We can see that renewable energies have an increasing role in the process of energy production [1, 2] .
Renewable energy resources are becoming increasingly important. There are two main reasons: firstly, the ever-increasing energy demand of the world, and secondly, the reduction of negative environmental effects. Solar energy from the Sun is a sustainable and clean energy source available in a huge volume with the greatest potential for human use. The efficiency of the utilization of solar energy coming to the Earth can be influenced by a number of factors [3] . The extensive use of solar energy production is increasingly justified by humanity's growing energy demands, and it can make an important contribution to the promotion of sustainable energy management, in addition to providing many other benefits [4] [5] [6] . There are many applications of solar energy; we can find complex, concentrated energy generation methods and also passive heat production, etc. [7] .
PV technologies use solar modules that transform solar energy into electricity. A significant increase in solar energy production can be seen in recent years, mainly due to decreasing investment costs, quick technological development, and governmental support announced in numerous countries:
The total installed power of solar PV systems was 23 GW in 2009 ; it stood at 177 GW in 2014; and this figure was at 303 GW in 2016 with the largest proportion (106 GW) in the EU (Germany 41.3 GW), according to the International Energy Agency (IEA) and the Renewable Energy Policy Network. Renewable energy production represented 24.5% of all energy produced at the global level, of which solar energy systems accounted for almost 1.5% in 2016 [8-12].
Feed-In-Tariff (FiT) in Hungary, Overall Summary
Electricity from renewable energy sources is supported by a FiT for installations with a capacity of 50-500 kW in Hungary. For installations with a capacity of 500-1000 kW, the market premium applies. Power plants with a capacity over 1000 kW and generally all wind power plants are obliged to participate in a tendering procedure in order to receive the green premium. A government decree currently inhibits the grid connection and the construction of wind power plants until at least 2019. Household-sized power plants (HMKE) up to 50 kW can benefit from net metering. In general, subsidy programs also promote the use of renewable energy sources in the heating and electricity category. In 2017, those subsidy programs were realized foremost within the framework of the Economic Development and Innovation Programme (EDIOP) and the Environment and Energy Efficiency Operational Programme (EEEOP), which offered non-repayable favorable loans and grants, inter alia in combination with the FiT. The majority of the invitations to tender has not been published yet. The major support scheme of using renewable energy is a quota system supplemented by a reimbursement of an excise duty in the transportation category [13] . Renewable energy plants shall be given priority grid access and grid connection. The expansion of the grid and the costs for the connection of renewable energy plants are borne either by the plant operator or by the grid operator, depending on certain criteria. There are a number of policies intending to promote the installation, development, and use of renewable energy source installations [13] .
The support system for 'green electricity' from renewable energy sources was modified in 2016 and was partially replaced by the new Renewable Energy Support Scheme (METÁR), which came into force on 1 January 2017. The FiT system comprises three subsystems for support determined by the power plant's capacity [13] . With this regulation, 15 min electricity production forecasts should be made for every single day if the system size is above 50 kW. In the case of a deviation of more than +/−50% (in the case of a 15-min measurement interval), the PV power plant owners have to pay surcharge [14] .
In Hungary, it is possible for even residential customers, business customers, and local governments with HMKE, which means a PV system (PVS) smaller than 50 kW, to feed the energy produced by PV modules into the grid in addition to purchasing energy. The amount fed into the system and the amount of energy consumed are calculated every year and only the difference has to be financially settled. In this case, it is not necessary to create a 15-min electricity production forecast and there is no surcharge. If there is extra consumption, the HMKE owner will pay, but in the event of extra production the power company pays (about 50% less) the consumer. Thus, the national grid also has an energy storage role from which both parties benefit [15, 16] , the benefits of which are described in greater detail below:
• It is beneficial to consumers that they can be self-sufficient even with smaller-sized PV systems and they do not have to face the losses of storage and costs.
•
The electricity company meets the legal requirements. The owner of the PVS continues to pay the network access fee, and there is no need to develop the grid in order to provide the security of supply due to the currently small number of such PV systems.
The state could be interested in the economic benefits of green energy production [15, 16] .
The pre-requirement of entering the HMKE system is a maximum of 50 kW capacity, and it primarily affects consumption by small enterprises, residential consumers, and public institutions [15, 16] .
Energy Efficiency Aspects in the European Union (EU)
From generation to final consumption, energy efficiency has to increase at every stage of the energy chain. The benefits of energy efficiency must outweigh the costs at the same time, such as those that result from carrying out renovations [17] .
By 2020, the EU has set itself a 20% energy savings goal. From production to final consumption, all EU countries will need to use energy more efficiently at all stages of the chain. In 2016, the European Commission proposed an update for the Energy Efficiency Directive including a new 30% energy efficiency target by 2030 [17] .
For industry and consumers alike, new national measures must ensure major energy savings, for example:
• energy distributors or retail energy sales companies have to achieve 1.5% energy savings/year through energy efficiency, • the public sector in EU countries should purchase energy efficient buildings, services, and products, • the management of energy consumption should be progressing, • energy audits for large companies to help them identify ways to reduce their consumption should be conducted, • the monitoring system should be progressing [17] .
Public lighting is responsible for 2.3% of the global electricity consumption. Thus, municipal energy efficiency projects can be financially feasible and environmentally friendly. Some energy-saving projects in this field have enabled reductions in electricity consumption by more than 50%. Policymakers are paying more attention to the energy consumption of urban street lighting. This is demonstrated by the increasing commitment of city authorities towards energy efficiency and using green energy for public lighting systems. The smart lighting system can be controlled together and separately as well, which means that luminous intensity and lumen packages are dimmable depending on the requirements. The disadvantage is the extra 5-10% investment cost [18] [19] [20] . The theoretical energy-saving potential of exterior lighting is shown in Figure 1 . 
Public lighting in the European Union
In the 21st century, pursuing energy-efficient improvements has become a priority in all fields of public administration, not only from environmental sustainability viewpoints, but also since the prediction of energy consumption forecasts a global increase of almost 40% by the year 2030 [18, 22] . Not surprisingly, the improvement of energy efficiency is at the basis of the internationally significant trend towards smart city projects and research [18, [23] [24] [25] [26] .
Referring to the operations that can be undertaken, the recommendations for energy efficiency by the IEA cover seven different priority areas: lighting, buildings, transport, appliances, industry, energy utilities, and cross-sectoral issues [18, 25, 26] .
Street lighting is an important contributor to public and traffic safety. Nevertheless, assuring good visibility during hours of darkness also requires a substantial amount of money and electricity. In street lighting, the possibility of improving efficiency was also recognized by European policies, which has led to the compulsory phasing out of many types of lamps frequently used for street lighting. About 80% of all lamps currently in operation will be affected by the phase-out (these product groups will no longer be available for purchase), including high-pressure mercury (HPM) and high-pressure sodium (HPS) lamps. In the EU, more than 56 million street lighting luminaires are in operation, with an estimated electricity consumption of 35 TWh. The older, inefficient street lighting systems can account for 30-50% of the total electricity consumption. With current light emitting diode (LED) technologies, 30-70% energy savings are possible-a potential that has been incorporated in and recognized by European policies. An important 'STREETLIGHT-EPC' project has been successfully developed for creating supply and demand for energy performance contracting (EPC) in 9 regions by setting up regional EPC facilitation services. There is a significant connection between investments in the energy management of public lighting and its influence on lower emissions of CO 2 . LED technology for street lighting offers high savings, and its cost reduction can be as much as 50%. Over the course of the STREETLIGHT-EPC project [19, 27] :
• 63 projects were realized, triggering an investment of 29 million euros and annual savings of 28,000 MWh, as well as over 3.5 million euros in maintenance and electricity costs. The project team included 9 regional organizations/agencies, which provided the energy performance contracting facilitation services, and a European network of 9 municipalities [27] .
Local governments in the EU paid 7.6 billion EUR to light public streets in 2015. Therefore, the European Commission is trying to help cities find support. Technological fixes that cut pollution and save energy in cities could qualify for European Commission funds designated for projects that meet EU lowered emission goals or energy efficiency. Funds set aside for smart city projects through the Horizon 2020 programme are earmarked to develop low-emission or transport system energy efficiency [28] .
Economic Aspects of PV Systems and LED Street Lighting Developments
This study focuses on villages with 900-1200 inhabitants. Villages of that size account for 20% of the total number of Hungarian settlements. These villages have a lack of money; therefore, PV and street lighting developments can be a project that can decrease the financial expenditures of these settlements. This part deals with the economic questions related to the investments in the PV systems and LED street lighting development.
In the course of these economic calculations, not only the investment needed for the PV and/or LED street lighting system is examined, but also the annual extra yield and financial expenditure under the current regulations in Hungary, in case of HMKE. This option is available for residential, business, and local government customers on a yearly basis [15, 16, 29, 30] . In this case, it is not necessary to create an electricity production forecast; therefore, this option is more attractive for investors than METÁR.
It is not possible to set up an HMKE for places of consumption for public lighting because the public lighting distribution network is not a local government property. This means that the electricity consumption of public lighting must be paid for from other budgets. The HMKE regulatory system provides a solution to this because local governments prefer the installation of PV systems by the institutions they own, such as libraries, hospitals, schools, kindergartens, etc. Some renewable energy or energy efficiency investments can get 60% or even 85% non-refundable support in Hungary [14, 16, 20, [30] [31] [32] .
The primary data was provided by the local government of Pusztacsalád, a village in the Northwestern part of Hungary, and Bács-Zöldenergia Ltd. (Kecskemét, Hungary). The model was validated based on empirical data, provided by PANNON Pro Innovations Ltd. (Budapest, Hungary) and the local government of Pusztacsalád. PANNON Pro Innovations Ltd., has developed a business model for PV project development and successfully launched Pannon Green Power Ltd. (Budapest, Hungary), which has become the leading private PV development company in Hungary. Other information and data come from the street lighting developments of the two West Hungarian towns of Balatonfüred and Balatonakarattya [20, [31] [32] [33] [34] [35] [36] [37] .
The following equipment, materials and services are required for a PVS and for a street lighting system [35] [36] [37] :
• PV system: PV modules, PV-inverter, frames, cable with outlets, additional electric outfit, and costs of design, installation, and transportation.
• Street lighting system: light fixture, intelligent lighting with sensors and digital processors (optional), cable with outlets, additional electric outfit, and costs of design, installation, and transportation.
Calculations were made in relation to the public lighting costs of the local government of Pusztacsalád (the village has about 260 inhabitants), which is 2042.7 EUR/year gross. It means 55 pieces of old-technology luminaires. This amount could be offset by a 12 kW system for the local government under Hungarian regulatory and climatic conditions. Based on this data, it can be stated that a 50 kW on-grid PVS (this is the maximum size system in HMKE) can generate the electricity consumption costs of 229 light fixtures, which is 8511.3 EUR/year in Hungary. A 50 kW system can be suitable for a village with 900-1200 inhabitants [30, [34] [35] [36] [37] .
Local governments in Hungary have the opportunity to choose from the following three investment alternatives to decrease their electricity costs related to street lighting systems by PV energy:
1.
Only a PVS is built (without any street lighting development) to reduce the energy costs of the existing street lighting system. a. Photovoltaic investment for an existing old street lighting system (PVOSLS): An old street lighting system (OSLS) already exists. 50 kW PV investment, without street lighting development, a target of 8511.3 EUR offset per year. b.
Photovoltaic investment for an existing non-smart street lighting system (PVNSLS): A non-smart street lighting system (NSLS) with 229 luminaires already exists. The local government decides to build a PVS to offset the remaining electricity costs of the street lighting system. This means 3404.5 EUR saved. c.
Photovoltaic investment for an existing smart street lighting system (PVSSLS): A smart street lighting system (SSLS) with 229 luminaires already exists. The local government decides to build a PVS to offset the costs of the street lighting system. This means 2553.4 EUR saved.
2.
Only the street lighting system of the village is developed without any PVS.
a. NSLS: A non-smart street lighting system is developed with 229 luminaires but without a PVS. b.
SSLS: A smart street lighting system is developed) with 229 luminaires but without a PVS.
3.
The old street lighting system (OSLS) has been replaced by a new street lighting system (NSLS/SSLS) (60%/70% energy saving compared with the OSLS [21] and a PVS is built to offset the electricity consumption cost of the OSLS.
a. Photovoltaic and non-smart street lighting investment (PV+NSLS): 20 kW PV investment, with street lighting development without smart lighting system, 60% energy saving, a target of 3404.5 EUR saved per year after street lighting development. b.
Photovoltaic and smart street lighting system (PV+SSLS): 15 kW PV investment, street lighting development with a smart lighting system, 70% energy saving, a target of 2553.4 EUR saved per year after street lighting development. Table 1 shows the nomenclature of the investment alternatives used in this paper. The following three colors are used in the tables in the following chapter:
• Green: only PV investment.
• Orange: only street lighting investment.
• Grey: PV + street lighting investment.
A period of 20 years was studied, mainly due to the 20-year lifespan of LED lighting [38] . Maintenance work usually needs to be carried out during this time period, and the inverter should be replaced every 10 years as well. The annual performance degradation characteristic of crystalline PV modules was determined as 0.5%, which is a generally accepted value [39, 40] . The calculations involved 10% loss in the PVS and a tilt angle of 35 • . Based on dynamic return indicators, the net present value (NPV), profitability index (PI), and discounted payback period (DPP) of PV and street lighting systems were determined according to internationally applied methods for economic calculations [41] .
The current interest rate needed for the calculation of the time value of the dynamic economic indicators was determined to be 2.8% in accordance with the 8 January 2018 status of the long-term Hungarian bond yields (The lifetime of this bond yield is 20 years, equal to the lifetime of the investments). The annual change of the electricity price has been determined to be 0.62% in accordance with the inflation rate of the period of 2014-2017. Inflation is important because of the changes in feed-in-tariffs, while government bond yields are needed for future income expectations [42, 43] . In the case of business customers, gross values were used for the calculation. The electricity gross price for local governments was determined to be 15.42 EUR cent /kWh in the first year of the calculation [44] ]. An exchange rate of 310 HUF/EUR was used for calculation (Table 2 ) [45] . For PV energy simulations, we used the JRC Photovoltaic Geographical Information System (PVGIS). Data of the PVGIS included real climatic data series of several decades. The ratio of CO 2 /electricity was calculated with a 0.537 kg/kWh correlation [46] . In Hungary, local governments do not have the opportunity to sell their CO 2 savings on the global market and the state does not compensate them. 
Economic Evaluations
The above-mentioned scenarios are presented here in the same order as above.
First Investment Scenario: Only PV Investment
We study the only PV investment scenario first (marked by green). A given village (with 900-1200 inhabitants) has a street lighting system (OSLS, NSLS, or SSLS). The local government has decided to pay for the costs of the street lighting system from the incomes of the PVS. This means only one investment: a PV investment, whose size is determined by the electricity costs of the consumption of the street lighting system.
The 50 kW PV investment has the highest power, and it also has the biggest investment cost. The profitability index has its peak value here. 50 kW is the maximum power that is allowed in the HMKE system. Consequently, it is not worth it to increase the system power above 50 kW. For PV systems above 50 KW, 15-min electricity production forecasts should be made for every day, and if the forecast has a deviation, the forecast maker has to pay a fine [14] .
Because of the HMKE, the energy generated by the PVS will not provide power for street lighting systems (SLS) in Hungary, but the selling price of the electricity from the PVS will offset the purchase price of electricity for SLS. That is the reason why it is not a good decision to improve the power of the PVS below 50 kW for any SLS if the energy cannot be used.
It is a good choice for a local government to build a PVS to reduce the costs of the electricity consumption of street lighting systems. According to our study, every Hungarian village with 900-1200 inhabitants should do so if it has enough money to pay for the investment. If the local governments can receive a loan with a maximum interest of 14.4% for 50 kW systems, 7.9% for 20 kW systems, and 7.5% for 15 kW systems, local governments could make the investment (Table 3) . ---OSLS = old street lighting system; NSLS = non-smart street lighting system; SSLS = smart street lighting system.
Second Investment Scenario: Only Street Lighting Development
The local government does not want to build a PVS and prefers only street lighting development. Thus, no energy is produced; only the costs of the electricity consumption of the street lighting system are reduced. A non-smart street lighting system saves 60% of the energy, and a smart street lighting system can achieve energy savings of 70% compared to the OSLS. Table 4 shows us that this development is not a profitable investment for a local government in Hungary. Regarding an investment lifespan of 20 years, a 37% support intensity is needed for a smart lighting system, and 28% support intensity is needed for a non-smart street lighting system. A smart system results in more savings than a non-smart system but it also costs more. The difference is bigger between the investment costs than between the net present values. We can determine in Table 3 that choosing a smart street lighting system is better than a non-smart system, taking only economic factors into consideration. Table 5 shows us a street lighting development including PVS. The size of the PVS is determined by the cost of the electricity consumption of the SLS. The 20 kW system has the target to save 3404.5 EUR per year, and the 15 kW system is supposed to save 2553.4 EUR per year. The PVS will offset the whole electricity cost of the street lighting system. Two street lighting systems are studied here: smart and non-smart. The smart street lighting system has smaller consumption than the non-smart one. Consequently, a PVS with a smaller performance is needed for this system.
Third Investment Scenario: PV Investment Plus Street Lighting Development
Both investments have negative net present values, and their discounted payback periods are longer than 20 years. An 18% support intensity is needed for the non-smart system and 16% for the smart system.
Based on Table 5 , we can determine that a smart street lighting system development with a PVS is a better investment than a non-smart street lighting system with a PVS. Figure 2 shows us the comparison of the different investment alternatives. If the net present value is positive, the investment can be profitable. We can see that the best investment choice is the PV investment without any street lighting development (PVOSLS in the case of an existing old street lighting system, PVNSLS in the case of an existing non-smart street lighting system, or PVSSLS in the case of an existing smart street lighting system). The value of the investment cost for the local government is also an important factor. The investment cost is the lowest if the local government builds a PVS for its existing street lighting system. Development of a street lighting system has bigger investment costs than building a PVS, and the investment is not profitable within 20 years.
Comparison of the Investment Scenarios Studied
Conclusions
This study analyzed the economic questions related to investments in PV systems and LED street lighting developments. In the course of the economic calculations, not only the financial investments needed for PV and/or LED street lighting system, but also the annual extra yield and financial expenditures under the current regulations in Hungary were examined, in the case of HMKE. The HMKE option is available for residential, business, and local government customers on a yearly basis, and there is no surcharge or requirement of 15-min electricity production forecasts. This is the reason why the authors recommend the HMKE system to local governments whose street lighting systems consist of less than 230 luminaires, which means a PVS with a maximum size of 50 kW.
The state could be interested in the macroeconomic benefits of green energy production (such as enterprise development, indirect job creation, and the subsequent budgetary income, conforming to the obligations related to renewable energy production and environmental aspects). Energy savings are only the first step to make the EU 'greener'. NSLS and SSLS intelligent lighting with sensors and digital processors with PV technologies can provide an essential enabling technology for smart cities. The EU Smart Cities Initiative will support this development by pooling resources from the areas of information and communications technologies, transport, and energy.
According to our study, the best choice for a village of 900-1200 inhabitants in Hungary is to build a PVS without any street lighting development, if only the investment indicators are taken into consideration. It means that no street lighting development is preferable without any support.
Smart street lighting systems are favorable to non-smart systems because there is no big investment cost difference, but there is a big difference in the NPV. If a minimum of 16% support of the total investment cost is available for the project, the combined system is advantageous: smart street lighting development + PV system. In Hungary, local governments do not have the opportunity to sell their CO 2 savings on the global market, so without any support they are not interested in LED street lighting development.
Many Hungarian villages would prefer to choose the first investment option: to build only a PVS without any street lighting development, but they do not have enough money for it. The authors suggest a governmental loan to local governments with a maximum interest of 7.5% for a 20-year term. With the help of this project, every local government (of villages with 900-1200 inhabitants) could have the opportunity to build their own PV systems to decrease their electricity consumption costs related to street lighting systems.
With the help of the suggested loan, local governments could improve their financial balance after 20 years. This can be a short period if we think globally, and we try to take care of our environment, but 20 years is not a short period for an investment.
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